The streptococcal transposon Tn916 (Tcr) was used to isolate mutants of Streptococcus mutans altered in glycogen accumulation to investigate whether glycogenlike intracellular polysaccharides (IPS) Tooth decay is a chronic disease and perhaps the most ubiquitous bacterial infection in humans (23). Streptococcus mutans, the principal etiologic agent of human dental caries, is indigenous to the oral flora and often colonizes the oral cavity shortly after tooth eruption. Much of what we know about the damage caused to host tissues after colonization with this pathogen has derived from studies with germfree rats (26, 29) , in which evidence suggests that dental caries is a multifactorial infectious process.
Tooth decay is a chronic disease and perhaps the most ubiquitous bacterial infection in humans (23) . Streptococcus mutans, the principal etiologic agent of human dental caries, is indigenous to the oral flora and often colonizes the oral cavity shortly after tooth eruption. Much of what we know about the damage caused to host tissues after colonization with this pathogen has derived from studies with germfree rats (26, 29) , in which evidence suggests that dental caries is a multifactorial infectious process.
Prominent among the proposed virulence traits for S. mutans is the ability of the organism to metabolize fermentable carbohydrates in the host diet and to produce acid in the oral cavity at concentrations sufficient to demineralize tooth enamel (6, 7) . Interestingly, S. mutans produces acid not only from exogenous dietary carbohydrates, but also from intracellular polysaccharides (IPS), glycogenlike storage polymers with al,4 and al,6 linkages (15) . In gram-negative microorganisms, ADP-glucose pyrophosphorylase (EC 2.7.7.27), glycogen synthetase (EC 2.4.1.21), and branching enzyme (EC 2.4.1.18) are all known to be involved in the biosynthesis of IPS (2, 31) . While the former enzymes have been identified in S. mutans, glycogen branching activity has yet to be described in the streptococci. Nevertheless, glycogen accumulation in S. mutans is likely to follow a pathway similar to that described in the members of the family Enterobacteriaceae. Specifically, ADP-glucose is synthesized from ATP and glucose-i-phosphate by the ADP-glucose pyrophosphorylase, while glycogen synthetase catalyzes the formation of glycogen by using ADP-glucose as the glucosyl donor. The net result of this glycogen accumulation in S. mutans may be to foster the progression of caries development by prolonging the period of exposure of host tissues to organic acid\s when dietary sugars have been depleted from the oral cavity, such as at non-meal times.
Tanzer and coworkers (38) have reported that nitrosoguanidine-generated mutants of S. mutans with defects related to IPS are less cariogenic in vivo than wild-type S. mutans. Conclusions drawn from these studies are tentative, however, since the lesions generated in these mutants were never genetically or biochemically defined. Lending further support to an association of IPS with S. mutans-induced caries formation is the observation that streptococci isolated from carious lesions are predominantly synthesizers of IPS, while those isolated from caries-inactive plaque are intracellular polysaccharide-negative variants (13) .
To define more precisely the role of intracellular polysaccharides, presumably glycogen, in S. mutans virulence, and to facilitate cloning of the gene(s) involved in S. mutans glycogen accumulation, we used transposon mutagenesis and gene replacement strategies to construct mutants of S. mutans UA130, a cariogenic serotype c strain. In this report, we describe the construction and characterization of S. mutans glycogen-deficient mutants SMS201 and SMS203 and examine their cariogenic potential in germfree rats. Our findings indicate that mutants defective in IPS accumulation are indeed less virulent than their IPS synthesis-proficient wild-type progenitors. MATERIALS AND METHODS Bacterial strains and plasmids. The bacterial strains and plasmids used in the present study are described in Table 1 .
Culture conditions. Escherichia coli DH5a cells were grown aerobically at 37°C in Lennox broth supplemented with 0.1% dextrose. Todd-Hewitt (TH) broth (Difco Laboratories, Detroit, Mich.) containing 5% horse serum (GIBCO Laboratories, Grand Island, N.Y.) was used to propagate cultures of S. mutans routinely grown at 37°C in an anaerobic GasPak System (BBL Microbiology Systems, Cockeysville, Md.). Agar (Difco) was added to a final concentration of 1.5% in the preparation of solid media. Colony morphologies were examined periodically on mitis salivarius agar (Difco), and streptococci were subsequently checked for purity upon microscopic examination.
Electroporation of E. coli was performed as described previously (11) . For S. mutans, overnight cultures of UA130 were diluted 1:20 in fresh TH broth and grown as standing cultures at 37°C for 3.5 h. After incubation on ice for 15 min, cells were harvested by centrifugation and washed twice in succession with 1 ml of cold 300 mM raffinose. Cells resuspended in 120 ,ul of cold 300 mM raffinose were divided into 40-,u aliquots for subsequent electroporation.
To assay for intracellular polysaccharide content, we grew S. mutans anaerobically at 37°C for 5 days on Jordan's medium (17) supplemented with 2% glucose with appropriate antibiotic selection.
Bacteriophage libraries of S. mutans genomic DNA were stored as liquid lysates and used subsequently to infect growing cultures of E. coli NM539 at a multiplicity of infection of 0.01. After adsorption at 37°C, infected cells were plated as overlays in 0.5% NZYM top agarose (34) . Plaque formation proceeded at 37°C in a moisture chamber for 12 to 16 h.
For growth rate and acid production determinations, S. mutans UA130 and SMS203 were grown as standing cultures in TH broth with or without 2% glucose. Samples were withdrawn at various time points and measured for cell density (optical density at 560 nm) and pH with an LKB Ultrospec 4050 spectrophotometer and Orion digital pH meter, respectively.
Cell preparations for biochemical and ultrastructural analyses involved inoculating 500 ml of TH broth containing 2% glucose with 5 ml of a UA130 or SMS203 overnight culture. Standing cultures grown at 37°C were maintained at pH 7.0 for up to 12 h with 5 M NaOH. Cells were harvested by centrifugation and used in the preparation of crude enzyme extracts as described previously (2) . For electron microscopy, cells harvested at 5 (late logarithmic), 7 (early stationary), and 12 (stationary) h were subsequently fixed in 3% glutaraldehyde as previously described (10) .
Mutagenesis of S. mutans with Tn916. The E. coli plasmid pAM620 (36) (glgC) and glycogen synthetase (glgA) activities. The assays were performed in the dark and at room temperature as described previously (12, 30) , and optical densities were recorded with an enzyme-linked immunosorbent assay reader.
Isolation and purification of DNA. Chromosomal DNA from S. mutans was isolated by using a modification of the method of Marmur (25) For subcloning, DNA fragments were isolated by electroelution (Elutrap) after electrophoresis in 0.7% agarose. Specific fragments were subsequently ligated with pBR322, pUC19, pACYC184, or pVA838 DNA previously digested with appropriate restriction endonucleases. T4 DNA polymerase and T4 DNA ligase used in subcloning experiments were purchased from Promega Biotec, and the reaction conditions were as specified by the manufacturer.
Electroporation of bacterial strains. Plasmids purified by CsCl-ethidium bromide equilibrium density gradient centrifugation were introduced into E. coli by electroporation by using a Gene Pulser apparatus (Bio-Rad Laboratories, Richmond, Calif.) as described previously (11) . Transformants were selected on L agar supplemented with ampicillin, chloramphenicol, kanamycin, or tetracycline at a final concentration of 100, 15, 50, or 15 ,ug/ml, respectively.
For S. mutans UA130, electroporation conditions of 25 ,uF, 1.25 kV, and 400 Ql were applied to a cell-DNA (40 1./10 ,ug) mixture in a chilled 0.2-cm cuvette (Bio-Rad). After a 90-min recovery period in TH broth without antibiotic selection, electroporants were plated onto TH agar containing erythromycin, kanamycin, or tetracycline at a final concentration of 10, 250, or 5 ,ug/ml, respectively. Subinhibitory concentrations of erythromycin (75 ng/ml) were incorporated into solid media to induce expression of the pVA838-borne erythromycin determinant (24) .
Complementation studies. Subclones pYA3023, pYA3034, pYA3044, pYA3045, and pYA3053 described in Table 1 (34) . DNA in the size range of 10 to 25 kb was ligated into BamHI-generated arms of lambda EMBL3 (14) . The ligation mixture was subsequently packaged in vitro (Packagene; Promega Biotec) and used to infect E. coli NM539 (Table 1 sulfate (SDS) for 30 min with agitation, followed by two standing washes at 500C in 0.5x SSC-0.1% SDS. Filters were air dried and exposed to X-ray film (DuPont) for 24 h at -700C.
Electron microscopy. After fixation in glutaraldehyde, cells were washed four times in 0.01 M phosphate (pH 6.2) containing 0.8 M KCl and 0.01 M Mg acetate and then suspended for 30 min in the Veronal-acetate buffer of Kellenberger et al. (18) . Cells subsequently fixed for 2 to 4 h in 1% osmium tetroxide at room temperature were treated with 0.5% uranyl acetate overnight and embedded in Polybed 8-12 (Polysciences, Inc.). Sections were prepared on a Sorvall MT-2 ultramicrotome with a diamond knife (DuPont) and placed on nickel grids coated with Butvar-carbon for staining. To enhance visualization of bacterial IPS, the sections were treated with 1% periodic acid for 30 min at room temperature and then with sodium chlorite as previously described (10) , before staining with uranyl acetate and lead citrate. Specimens were examined in a Hitachi H-600 electron microscope at magnifications ranging from x40,000 to x 150,000.
Virulence testing. The cariogenic potential of glycogenproficient and glycogen-deficient S. mutans was determined in young gnotobiotic Fischer rats. Specifically, 19-day-old weanling rats were challenged orally with approximately 108 CFU of the appropriate test strain per ml. Animals were maintained subsequently on a sterile caries-promoting diet containing 5% sucrose (26) provided either ad libitum (24 h/day) or at restricted feeding times (6 h/day). Colonization was assessed 2 days postchallenge and then weekly for the duration of the experiment by collecting oral swab samples and culturing them on mitis salivarius agar with or without 250 ,ug of kanamycin per ml. Rats sacrificed at 45 days of age were scored for caries (19) , and plaque microbiology was assessed on mitis salivarius agar with appropriate selection. Microorganisms were subsequently streaked onto Jordan's medium and stained with iodine as described above to assess glycogen content. transformants per recipient cell. Southern blot analysis of HindIII-digested chromosomal DNAs isolated from eight randomly selected Tcr transformants, using radiolabeled pAM620 as a probe, revealed junction fragments of various sizes (Fig. 1) ; indeed, this suggests a random insertion of Tn916 into the S. mutans genome. Moreover, since HindIII cuts only once within Tn916, the two hybridizing fragments resolved for each mutant indicate a single insertion event into the S. mutans chromosome.
Nearly 3,000 tetracycline-resistant transposon mutants were subsequently plated onto Jordan's medium containing 2% glucose and screened for alterations in glycogen content by iodine staining. A single mutant, SMS201, was deficient in its ability to accumulate IPS as indicated by a yellow phenotype upon staining with iodine (Fig. 2) . The precise excision of Tn9O6 gave rise to glycogen-proficient revertants (as indicated by a brown phenotype) with an average frequency of 10-'. All revertants were correlated with the loss of tetracycline resistance, thus suggesting that the glycogendeficient phenotype of SMS201 occurred as a direct consequence of Tn916 insertion.
Cloning of locus involved in S. mutans glycogen accumulation. To isolate the region of Tn916 insertion, the transposon (16.4 kb) and sequences flanking it on the SMS201 chromosome were cloned as an intact 18.5-kb PstI fragment onto the pCP13-derived cosmid vector, pYA2329 (Fig. 3) . Resultant ligation mixtures were packaged in vitro, and lysates were used to transduce E. coli DH5a. Colonies demonstrating resistance to both kanamycin (Kmr) (cosmid encoded) and tetracycline (Tn916 encoded) harbored pYA3000 as confirmed by minipreparation analysis. Transposon excisants were obtained subsequently by growing individual cultures of recombinant E. coli (Kmr Tcr) in the absence of tetracycline selection. The resultant tetracycline-sensitive excisants (>90%), designated pYA3001, harbored a 2.1-kb PstI fragment which represents a chromosomal determinant (glgX) putatively involved in S. mutans glycogen accumulation.
To facilitate subsequent genetic analyses, we cloned a larger region of this locus from the S. mutans UA130 chromosome. Specifically, the 2.1-kb PstI fragment from pYA3001 was nick translated and used as a probe to screen a recombinant EMBL3 bacteriophage library of S. mutans genomic DNA as described in Materials and Methods. Plaques which hybridized with this probe were purified as described previously (1) . Analysis of the purified phage DNAs, prepared from crude plate lysates with Lambdasorb phage adsorbent (Promega Biotec), resulted in the isolation of a 16-kb SalI fragment which has been subcloned to yield pYA3053. A restriction map of pYA3053 is shown in Fig. 4 .
Complementation of bacterial hosts deficient in glycogen accumulation. The 16-kb SalI fragment illustrated in Fig. 4 , and subclones thereof, were used to complement glycogen defects in E. coli or S. mutans hosts. Complementation to Glg+ was not observed in E. coli hosts X6153 and X6155, which bear mutations in the glgA and glgC genes, respectively; gigA and glgC code for enzymes which are required for glycogen biosynthesis in gram-negative microorganisms (31) . In contrast, complementation was observed in S. mutans, in which pYA3034, a pVA838-derived subclone (Fig. 4) , successfully restored glycogen-accumulating ability to the glycogen-deficient transposon mutant SMS201. South 5) with PstI. A resultant 7.2-kb PstI fragment lacking the 2.1-kb glycogen gene locus was electroeluted from agarose gels, treated with T4 DNA polymerase, and blunt-end ligated to a 2.3-kb SmaI fragment carrying the aph determinant from transposon TnJS45 (5) (aph encodes resistance to kanamycin which is expressible in both E. coli and S. mutans). This construction gave rise to plasmid pYA3076 (Fig. 5) , which was to be used in subsequent transformations of S. mutans. To avoid introducing penicillin resistance into streptococci where it does not naturally occur, the 13-lactamase gene contained on plasmid pYA3076 was removed upon further digestion with PstI and EcoRI. Subsequent ligation with a PstI-EcoRI digest of plasmid pBR322 gave rise to plasmid pYA3077. This plasmid was subsequently isolated from E. coli DH5a transformants demonstrating resistance to both kanamycin and tetracycline, as described in Materials and Methods.
Inactivation of putative glycogen gene locus in S. mutans and confirmation of allelic exchange by Southern blot analysis.
The pMo1 replicon of pYA3077 does not function in S. mutans; thus, the Kmr marker contained on the plasmid can be rescued only by integration into the chromosome. The mechanism of integration involves recombination between the streptococcal sequences which flank the deleted glycogen locus on plasmid pYA3077 and the homologous region on the wild-type S. mutans chromosome (Fig. 6A) . Specifically, PstI-linearized pYA3077 was transformed into S. mutans UA130 by electroporation, and Kanr transformants were analyzed for the expected double-recombination event by Southern blot analysis. Indeed, the radiolabeled probes illustrated in Fig. 6B revealed hybridization patterns on Southern blots (Fig. 6C ) consistent with the exchange of the defective glgX locus on pYA3077 for the wild-type region on the S. mutans chromosome. That is, hybridization to a slightly larger DNA fragment was observed in a BglII-XbaI digest of chromosomal DNA isolated from the mutant strain, SMS203, relative to the hybridization observed in the wildtype progenitor, UA130; this reflects the replacement of the 2.1-kb glgX locus on the UA130 chromosome with the 2.3-kb aph determinant from transposon Tn1545. Importantly, the deletion mutant, designated SMS203, was also glycogen deficient upon staining with iodine. Moreover, SMS203 remained kanamycin resistant and glycogen deficient for more than 100 generations when passaged in vitro in the absence of antibiotic selective pressure. Hence, the stability of this mutant facilitated subsequent in vivo investigations of intracellular polysaccharides and their role in the cariogenic process.
Biochemical analysis of enzyme activities in S. mutans UA130 and SMS203. Crude extracts prepared from S. mutans UA130 and SMS203 were standardized for protein content and assayed for ADP-glucose pyrophosphorylase and glycogen synthetase activities as described in Materials and Methods. As shown in Fig. 7 , both of these activities were significantly repressed in the glycogen-deficient mutant SMS203 relative to the activities observed in the wild-type progenitor strain, UA130. The coordinate repression of these enzymes in the glycogen-deficient mutant suggests that glgX, a regulatory region which governs the expression of both glgC and gigA, has been disrupted. Preliminary nucleotide sequence analysis of this regulatory region, now designated glgR, revealed two open reading frames which read in the same direction, each preceded by a putative ribosomebinding site (data not shown).
Acidogenicity of S. mutans UA130 and SMS203 in vitro. The acidogenicity of the IPS-deficient mutant, SMS203, appeared weaker than that of its wild-type progenitor, UA130, especially when grown in the absence of exogenous glucose (Fig. 8) . Indeed, the contribution of IPS to S. mutans acid production is demonstrated by the drop in pH observed over B. (Fig. 8) , cells from each were harvested in parallel at the latelogarithmic (5-h), early-stationary (7-h), and stationary (12-h) phases for quantitative electron microscopy. Thin sections from each time point were pretreated with periodic acid and sodium chlorite to enhance the affinity of bacterial IPS for subsequent staining with uranyl and lead salts (10) . Indeed, IPS first appeared as distinct electron-dense bodies in the cytoplasm of the wild-type strain during the latelogarithmic phase (Fig. 9A) . The accumulation of IPS in the and SMS203 ( ). Cultures grown in TH broth supplemented with 2% glucose were monitored for cell density (optical density at 560 nm [0, 0]) and pH (A, A) at the time points designated. pH determinations were also performed for cultures grown in the absence of glucose (l, *). mutant was relatively delayed, however (Fig. 9B) Virulence of glycogen-deficient mutants in gnotobiotic rats. The ability of S. mutans glycogen-deficient mutants to cause caries in a germfree rat model system was examined. Rats infected with the glycogen synthesis-proficient UA130 strain, or with glycogen synthesis-deficient SMS203, were sacrificed 45 days postchallenge, and their teeth were scored for carious lesions by the method of Keyes (19) . The results of these experiments are summarized in Table 2 . In summary, the mean caries scores for rats infected with the glycogen synthesis-deficient mutant were significantly lower (P < 0.01) than those scores for rats infected with the glycogen synthesis-proficient wild-type strain. This effect was pronounced on all tooth surfaces examined (i.e., buccal, sulcal, and proximal) and was slightly more obvious in animals maintained on 6-h-per-day food access protocols. Importantly, isolates from all animals were characterized both biochemically and genetically to b Caries scores were determined by the method of Keyes (19) . Abbreviations: E, enamel involvement; Ds, slight dentinal involvement; Dm, moderate dentinal involvement; Dx, extensive dentinal involvement.
c Significant difference (P < 0.01) between experimental strain score and UA130 score.
that the cariogenic potential of this glycogen synthesisdeficient transposon mutant was also significantly attenuated (P < 0.05) relative to its wild-type S. mutans progenitor, UA130 (data not shown).
DISCUSSION
Recent reports of S. mutans glucosyltransferase (27) and fructosyltransferase (27, 35) mutants confirm the importance of both glucans and fructans to the cariogenic process. In the present study, we determined IPS in S. mutans to be yet another significant virulence determinant in plaque-mediated disease. The importance of IPS to S. mutans virulence supports previous reports in the literature which describe an association of these glycogenlike storage polymers with S. mutans-induced caries formation (38) . While these earlier studies employed nitrosoguanidine-generated mutants of S. mutans for analysis in conventional rats, our strategy was to utilize gene disruption and allelic exchange to genetically engineer the IPS synthesis-deficient mutant, SMS203, for subsequent virulence testing in germfree animals. Importantly, no obvious changes in the phenotype of SMS203 were noted other than the expected growth on kanamycin, the alteration in glycogen-accumulating ability upon iodine staining, and the diminished acidogenic potential of this mutant in vitro. The growth rates of both the mutant and wild type were comparable in TH broth supplemented with 2% glucose; this suggests that glucose transport was not affected by the deletion in SMS203. The IPS synthesisdeficient strain was also able to adhere to glass at levels similar to those of the wild-type strain (data not shown). This is further supported by the efficiency of colonization observed in vivo; that is, the recovery of SMS203 from rat molar surfaces was comparable to that of the wild-type strain (data not shown). Consequently, SMS203 represents a suitable mutant for examining the specific contribution of IPS to oral disease.
In monoinfected germfree rats maintained on a cariespromoting diet (26) , SMS203 proved to be significantly less cariogenic (P < 0.01) than the IPS synthesis-proficient wild-type strain, UA130, on the buccal, sulcal, and proximal molar surfaces of teeth. These differences were slightly more pronounced for animals maintained on the 6-h-per-day food access protocol. Taken collectively, these observations support the hypothesis that IPS provide S. mutans with an endogenous source of carbohydrate which can be metabolized when exogenous fermentable substrates have been depleted from the oral cavity; as a result, a prolonged duration of acid production in the oral cavity and a concomitant lower resting pH in the plaque microflora foster the demineralization of tooth enamel and the onset of dental decay. Thus, we ascribe the failure of SMS203 to cause decay as proficiently as its wild-type progenitor to a significantly reduced availability of IPS in the former. Indeed, the decreased acid production demonstrated in vitro by SMS203 relative to the wild-type strain supports this hypothesis. In summary, IPS are significant contributors to S. mutans virulence.
While the mechanisms which regulate the accumulation of IPS in S. mutans remain totally unexplored, gene expression in gram-positive bacteria, and specifically in the oral streptococci, is often thought to be influenced by mechanisms of catabolite repression (22) . For instance, nucleotide sequences in the promoter-operator region of the amyE gene in Bacillus subtilis have been shown to be essential for the catabolite repression of this gene (28) . Moreover, expression of the S. mutans fructanase gene has been shown to be inducible by exogenous fructose and repressible by glucose, with maximal expression at low growth rates (4) . It may be that the streptococcal glycogen genes are similarly regulated by such substrate availability, catabolite repression, and/or bacterial growth rate. Indeed, the glycogenlike polysaccharide granules observed in thin sections of S. mutans UA130 appear to accumulate during the late-logarithmic and earlystationary phases of growth, when nutrients have been depleted from the environment and pH conditions have become unfavorable. This is consistent with glycogen accumulation in E. coli and Salmonella typhimunum, which appears to be induced under similar conditions of nutrient deprivation (32) .
Biochemical determinations from crude extracts of UA130 and SMS203 indicate that the mutation at the S. mutansglgR locus represses the activities of ADP-glucose pyrophosphorylase (glgC) and glycogen synthetase (glgA), both enzymes involved in the synthesis of bacterial glycogen (2, 31) . Importantly, glycogen accumulation via other metabolic pathways appears to be of little or no importance in S. mutans (2) . The significantly reduced glgC and gigA activities observed in the SMS203 mutant as a consequence of glgR inactivation suggest that the glgR gene product acts as a positive regulator of S. mutans glycogen accumulation. Note, however, that while GlgR may enhance glycogen gene expression in S. mutans, it is clearly not essential for the biosynthesis of IPS. mophilus (20) . Importantly, glgB, which encodes glycogen branching activity, has never been described in the streptococci. Indeed, Southern blot analyses with glgB gene probes from Synechococcus sp. (21) and B. stearothermophilus (20) confirm the presence of a glgB homolog in S. mutans. The continued sequence analysis of this glycogen gene locus in S. mutans should reveal more of the structural organization of these and possibly other IPS-related genes on the chromosome. Moreover, the cloning and characterization of glgR, glgB, and other genes involved in S. mutans glycogen biosynthesis could provide further insight into the molecular mechanisms by which this oral pathogen regulates glycogen accumulation in the plaque environment. Overall, these and other studies should extend our currently limited knowledge of the molecular genetic basis for gene regulation in grampositive microorganisms.
